The Brr2 RNA helicase disrupts the U4/U6 di-small nuclear RNAprotein complex (di-snRNP) during spliceosome activation via ATPdriven translocation on the U4 snRNA strand. However, it is unclear how bound proteins influence U4/U6 unwinding, which regions of the U4/U6 duplex the helicase actively unwinds, and whether U4/U6 components are released as individual molecules or as subcomplexes. Here, we set up a recombinant Brr2-mediated U4/U6 disnRNP disruption system, showing that sequential addition of the U4/U6 proteins small nuclear ribonucleoprotein-associated protein 1 (Snu13), pre-mRNA processing factor 31 (Prp31), and Prp3 to U4/U6 di-snRNA leads to a stepwise decrease of Brr2-mediated U4/U6 unwinding, but that unwinding is largely restored by a Brr2 cofactor, the C-terminal Jab1/MPN domain of the Prp8 protein.
The Brr2 RNA helicase disrupts the U4/U6 di-small nuclear RNAprotein complex (di-snRNP) during spliceosome activation via ATPdriven translocation on the U4 snRNA strand. However, it is unclear how bound proteins influence U4/U6 unwinding, which regions of the U4/U6 duplex the helicase actively unwinds, and whether U4/U6 components are released as individual molecules or as subcomplexes. Here, we set up a recombinant Brr2-mediated U4/U6 disnRNP disruption system, showing that sequential addition of the U4/U6 proteins small nuclear ribonucleoprotein-associated protein 1 (Snu13), pre-mRNA processing factor 31 (Prp31), and Prp3 to U4/U6 di-snRNA leads to a stepwise decrease of Brr2-mediated U4/U6 unwinding, but that unwinding is largely restored by a Brr2 cofactor, the C-terminal Jab1/MPN domain of the Prp8 protein.
Brr2-mediated U4/U6 unwinding was strongly inhibited by mutations in U4/U6 di-snRNAs that diminish the ability of U6 snRNA to adopt an alternative conformation but leave the number and kind of U4/U6 base pairs unchanged. Irrespective of the presence of the cofactor, the helicase segregated a Prp3-Prp31-Snu13-U4/U6 RNP into an intact Prp31-Snu13-U4 snRNA particle, free Prp3, and free U6 snRNA. Together, these observations suggest that Brr2 translocates only a limited distance on the U4 snRNA strand and does not actively release RNA-bound proteins. Unwinding is then completed by the partially displaced U6 snRNA adopting an alternative conformation, which leads to dismantling of the Prp3-binding site on U4/U6 di-snRNA but leaves the Prp31-and Snu13-binding sites on U4 snRNA unaffected. In this fashion, Brr2 can activate the spliceosome by stripping U6 snRNA of all precatalytic binding partners, while minimizing logistic requirements for U4/U6 di-snRNP reassembly after splicing.
pre-mRNA splicing | RNA helicase | RNP remodeling | small nuclear ribonucleoprotein particle | spliceosome catalytic activation R NA helicases form a large family of nucleotide triphosphatedependent enzymes, many of which can unwind RNA duplexes in vitro (1, 2) . However, in vivo, these enzymes typically act on RNA-protein complexes (RNPs) and can also exhibit other activities, including RNA annealing (3, 4) , RNA clamping (5), displacement of RNA-bound proteins (6) , or displacement of RNAbound RNPs (7) . Often, the precise functions of RNA helicases are unclear because their in vivo substrates are mostly unknown. Consequently, the RNP remodeling activities of RNA helicases have typically been studied using model RNPs that these helicases would not encounter naturally (6, 7) .
Eight superfamily (SF) 2 RNA helicases are required for premRNA splicing by the spliceosome (8) . During every splicing reaction, these enzymes drive and control multiple compositional and conformational RNP remodeling events that accompany the initial assembly of an inactive spliceosome, its catalytic activation, its splicing catalysis, and its disassembly (8, 9) . The most profound helicase-mediated rearrangements occur during spliceosome activation. In the precatalytic spliceosome, the U4 and U6 small nuclear (sn) RNAs are paired via two regions (stem I and stem II) (10) and are bound by several U4/U6 proteins (di-snRNP). During activation, this U4/U6 di-snRNP is disrupted by the Brr2 helicase (11) (12) (13) (14) , which liberates U6 snRNA and leads to release of U4 snRNA and U4/U6-bound proteins (15) . U6 snRNA can then engage in alternative interactions with the pre-mRNA and U2 snRNA and form an internal stem loop (ISL) (16) that is essential for splicing catalysis (17) (18) (19) .
Brr2 is a stable subunit of the U5 snRNP and an unusual member of the Ski2-like subfamily of SF2 helicases, with a tandem array of similarly structured active (N-terminal) and inactive (C-terminal) helicase cassettes (14) . During U4/U6 di-snRNP disruption, Brr2 engages a single-stranded region of U4 snRNA preceding stem I (Fig. 1A ) and translocates in a 3′-to-5′ direction on the U4 strand, excluding U6 snRNA and thereby unwinding the RNAs (20) (21) (22) . Brr2 is extensively regulated both intra-and intermolecularly (14, 20, (23) (24) (25) (26) (27) (28) . The two helicase cassettes are preceded by an approximately 450-residue N-terminal region (NTR), which autoinhibits the enzyme via conformational clamping and substrate competition (28) . Furthermore, a C-terminal Jab1 domain of the Prp8 protein can bind to the helicase (25, 26) and inhibit Brr2 in trans by inserting a C-terminal tail into its RNA-binding tunnel (25) . Upon removal of the tail, the globular portion of the Jab1 domain is converted into a strong Brr2 activator (25, 27) .
Among the U4/U6 proteins, small nuclear ribonucleoproteinassociated protein 1 (Snu13), pre-mRNA processing factor 31 (Prp31), and Prp3 bind in the vicinity of a three-way junction (3WJ) Significance RNA helicases can remodel substrate RNA-protein complexes in diverse ways. However, these activities have typically been studied using noncognate helicase-substrate systems, because the in vivo targets of many helicases are unknown. We investigated how the Brr2 protein disrupts its cognate U4/U6 dismall nuclear RNA-protein complex (di-snRNP), a reaction required for spliceosome catalytic activation. Our results suggest that Brr2 acts like a switch, initiating displacement of U6 snRNA, thereby inducing it to adopt an alternative conformation incompatible with base pairing to U4 snRNA. This mechanism explains how one U4/U6-bound protein, pre-mRNA processing factor 3 (Prp3), is displaced, whereas Prp31 and small nuclear ribonucleoprotein-associated protein 1 (Snu13) are released in complex with U4 snRNA. This unprecedented mode of RNP disruption minimizes requirements for reassembly of the U4/U6 di-snRNP after splicing.
of the U4/U6 duplex, formed by stem I, stem II, and an intervening U4 5′ stem loop (5′SL) (22, (29) (30) (31) (Fig. 1A) . They bind U4/U6 di-snRNA in a hierarchical manner, with Snu13 required for Prp31 binding (29, 32) ; both proteins together enhance binding of Prp3 (30, 32) . Snu13 and Prp31 bind the U4 5′SL and maintain additional contacts to stems I and II, whereas Prp3 binds stem II and a U6 3′-overhang (22, (29) (30) (31) (32) (33) . However, it is presently not known how U4/U6-bound proteins influence Brr2-mediated U4/U6 unwinding, which regions of the U4/U6 di-snRNA Brr2 actively unwind, and how U4/U6 components segregate upon Brr2-mediated U4/U6 di-snRNP disruption. Here, we have addressed these questions using in vitro RNA unwinding and RNP disruption assays with recombinantly reconstituted helicase machineries and RNP substrates. Our results suggest that initial active U4/U6 duplex unwinding by Brr2 triggers snapping of U6 snRNA into an alternative conformation, which leads to release of isolated Prp3 and a Prp31-Snu13-U4 snRNA complex. This unusual two-step mechanism allows Brr2 to displace intact U4 snRNP from U6 snRNA during spliceosome activation, although it translocates on the U4 strand.
Results U4/U6-Bound Proteins Attenuate Brr2-Mediated U4/U6 Unwinding. A recent cryo-electron microscopic (cryo-EM) structure of the yeast U4/U6•U5 tri-snRNP showed Brr2 bound to the Prp8 Jab1 domain (but not to other regions of Prp8) in a state ready to unwind the U4/U6 duplex (22) , with the C-terminal Jab1 tail and the autoinhibitory NTR displaced from the Brr2 RNA-binding tunnel and the helicase cassettes, respectively. We recapitulated this active state in our experiments by using a truncated version of yeast Brr2, which lacks the first 270 autoinhibitory residues ("Brr2" in the following), and a truncated yeast Prp8 Jab1 domain, which lacks the last 16 inhibitory residues (Jab1 ΔC ). As substrates, we used fulllength wild-type (wt) or mutant yeast U4/U6 di-snRNA alone or bound to various combinations of yeast Snu13 (full-length), Prp31 2-388 ("Prp31" in the following), and Prp3 296-469 ("Prp3" in the following). The Prp31 and Prp3 constructs contained the major U4/U6 di-snRNA-binding portions of the proteins.
To investigate whether U4/U6-bound proteins modulate Brr2-mediated U4/U6 unwinding, we conducted systematic gel-based RNA unwinding and RNP disruption analyses in vitro. We used U4/U6 di-snRNA with U4 radiolabeled, preincubated alone or with Snu13, Prp31, and/or Prp3. After additional preincubation with Brr2, the reactions were started by the addition of ATP and Mg 2+ ("ATP" in the following). Compared with the RNAs alone, addition of Snu13 reduced the rate of Brr2-mediated U4/U6 unwinding 6.7-fold, Prp31 led to an additional 2.1-fold decrease, and Prp3 gave a further 1.6-fold reduction ( Fig. 1 B-D) . However, a preassembled Brr2-Jab1
ΔC complex exhibited a 5.9-fold faster unwinding rate for the Prp3-Prp31-Snu13-U4/U6 RNP compared with Brr2 alone (Fig. 1 B-D) . Thus, although proteins that are bound at regions of U4/U6, toward which the Brr2 helicase is translocating during U4/U6 unwinding, substantially attenuate the helicase reaction, Jab1
ΔC restores efficient Brr2-mediated U4/U6 unwinding to a large extent in the context of these proteins. As previously shown for full-length Brr2 (25), Jab1
ΔC also enhanced the rate of unwinding for the truncated version of Brr2 in the absence of U4/U6-bound proteins (Fig. S1 ).
Mutations in Stem II and the U6 3′-Overhang Inhibit Brr2-Mediated U4/U6 Unwinding. Three scenarios could be envisaged for Brr2-mediated U4/U6 di-snRNP disruption.
First, Brr2 might translocate along the entire U4 strand, actively unwinding all U4/U6 base-paired regions and the intervening U4 5′SL. Here, Snu13, Prp31, and Prp3 could hinder progression of Brr2 on the U4 strand, explaining their inhibitory effects on Brr2-mediated U4/U6 unwinding.
Second, Brr2 could unwind stem I, disengage from the substrate, and reengage at and unwind stem II, which would leave the U4 5′SL intact.
Third, Brr2 might only actively unwind stem I (or part of it), thereby inducing U6 snRNA to adopt an ISL-containing structure (34) (Fig. 1A) or a 3WJ structure suggested as an alternative for isolated U6 (35) , both of which are mutually exclusive with U4/U6 pairing.
In the latter two cases, attenuation of Brr2-mediated U4/U6 unwinding by Snu13, Prp31, and Prp3 may reflect the overall stabilizing effect of the proteins on the U4/U6 duplex.
To distinguish between these scenarios, we tested Brr2-mediated unwinding of WT U4/U6 di-snRNA or U4/U6 variants that are impaired in U6 ISL/3WJ formation without influencing the number and kind of U4/U6 base pairs ( Fig. 2A) . The substrate variants are not expected to influence U4/U6 unwinding significantly by a mechanism that involves active unwinding of stem II (first and second scenarios) but could impair a mechanism that relies on snapping of U6 into an alternative conformation (third scenario). Brr2-mediated unwinding of U4/U6 Δ3′ , lacking the U6 3′-overhang involved in ISL/3WJ formation ( Fig. 2A) , was 10.6-fold slower compared with unwinding of WT U4/U6 di-snRNA (Fig. 2 B-D) . Notably, this manipulation only affects a region that is singlestranded in U4/U6 and does not lead to changes in the identity, number, or sequence of base pairs in stem I or stem II. This result is most likely not due to the removal of an alternative entry site for the helicase, because Brr2 does not unwind the RNAs by engaging the U6 single-stranded 3′-overhang, even when acting on isolated U4/U6 di-snRNA in vitro (20) . Consistently, Brr2-mediated unwinding of a U4/U6 G81A variant, in which only one nucleotide was changed in the U6 3′-overhang that is expected to disrupt a base pair in the alternative U6 structures ( Fig. 2A) , was 4.6-fold slower compared with unwinding of WT U4/U6 di-snRNA ( Fig. 2 B-D) . We also tested a U4/U6 variant (U4/U6 swap ) in which the U6 3′-overhang was unaltered and short regions were swapped between the RNAs to reduce the number of Watson-Crick base pairs in the ISL/3WJ forms of U6 snRNA, although only changing the orientation of some base pairs in U4/U6 ( Fig. 2A) . Unwinding of U4/U6 swap di-snRNA was 7.0-fold slower than unwinding of WT U4/U6 (Fig. 2 B-D) . Decreased unwinding was not caused by spontaneous reannealing of any of the variant U4 and U6 RNAs (Fig. S2) . These results support the idea that alternative folding of the U6 snRNA favors unwinding by Brr2 (third scenario). During spliceosome activation, U6 snRNA adopts a conformation containing the ISL but lacking the telestem that can form in isolated U6 (Fig. 1A) . To test if the U6 ISL is sufficient for conformational switching after stem I has been unwound by Brr2, we compared thermodynamic stabilities of synthetic oligonucleotides comprising U4/U6 stem II (U4 [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] , U6 [64] [65] [66] [67] [68] [69] [70] [71] [72] [73] [74] [75] [76] [77] [78] [79] [80] ) and the U6 ISL (U6 ). UV melting analyses revealed similar melting temperatures (T m s) for the two constructs (T m stem II = 59.5°C, T m U6 ISL = 58.3°C) (Fig.  S3) . However, van't Hoff analysis of the thermal melting profiles showed a higher enthalpy of transition (ΔH) for stem II than for U6 ISL (ΔH stem II = −88.8 kcal/mol, ΔH U6 ISL = −32.3 kcal/mol), which translates into higher stability (ΔG) of stem II than U6 ISL at 298 K (ΔG stem II = −8.9 kcal/mol, ΔG U6 ISL = −3.2 kcal/mol). Full-length U6 and U4/U6 constructs exhibited complex melting behavior, which prevented determination of thermodynamic parameters. Although the experimentally determined stabilities are closer than previously predicted (ΔG stem II = −28.1 kcal/mol, ΔG U6 ISL = −6.7 kcal/mol) (36), they still suggest that additional structures forming in isolated U6 are required for spontaneous stem II disruption.
Brr2 and Brr2-Jab1
ΔC Detach an Intact Prp31-Snu13-U4 snRNA Complex from U6 snRNA. Switching of U6 snRNA into its ISL/3WJ conformation would sequester U6 portions involved in formation of stem I, stem II, and parts of the U6 3′-overhang, although the U4 5′SL would remain undisturbed (Fig. 1A) . Binding of Prp3 to U4/U6 requires an intact stem II and the U6 3′-overhang (30), whereas Snu13 and Prp31 bind stably to the U4 5′SL alone (29) . We thus reasoned that U4/U6 di-snRNP disruption by Brr2-mediated unwinding of stem I followed by U6 conformational switching would lead to displacement of Prp3 from the RNAs, whereas Snu13 and Prp31 may remain bound to U4 snRNA; conversely, active unwinding of the U4 5′SL would lead to the additional displacement of Snu13 and Prp31. We first conducted combined unwinding and electrophoretic mobility shift assays (6) using a Prp31-Snu13-U4/U6 di-snRNA complex as a substrate (Fig. 3A) . Brr2 liberated only minute amounts of free U4 snRNA from a preformed Prp31-Snu13-U4/ U6 complex, irrespective of the presence of Jab1 ΔC (Fig. 3A, lanes  6-12) . Instead, a predominant band corresponding to U4 snRNA in complex with both proteins accumulated in a time-dependent manner. Neither Brr2 nor Brr2-Jab1
ΔC led to U4/U6 unwinding or displacement of any subunits in the absence of ATP (Fig. 3A, lanes  13-19) . We confirmed these results in additional assays with large amounts of a U4 5′SL oligo as a trap, which efficiently prevented rebinding of Prp31 (SI Results and Fig. S4) .
As a further test, we conducted column-based disruption assays in which we immobilized a Prp31-Snu13-U4/U6 di-snRNA complex via His 6 -tagged Snu13 and added Brr2 or Brr2-Jab1 ΔC and ATP to initiate on-beads unwinding (Fig. 3B) . We then monitored the liberated fraction of U4 snRNA in the eluate and the retained fraction of U4 snRNA by subsequent elution with imidazole/EDTA. If the reaction was accompanied by disruption of the Prp31-Snu13-U4/U6 di-snRNA interaction, free U4 snRNA was expected in the first eluate. Only minute amounts of U4 snRNA were eluted when ATP was omitted during incubation with Brr2 or Brr2-Jab1 ΔC (Fig. 3C, Right) , showing that mere binding of the helicase does not induce protein displacement. A total of 4 ± 4% of U4 snRNA was liberated during on-column incubation with Brr2 and ATP (Fig. 3C, Upper Left, lanes 1-3) , whereas 96 ± 4% of U4 snRNA was retained on the beads (Fig.  3C, Upper Left, lanes 4-6) . At the same time, the imidazole/ EDTA-eluted fraction revealed that 66 ± 7% of the U4/U6 disnRNA duplex had been unwound during the incubation (Fig. 3C , Upper Left, lanes 4-6). Upon incubation with the Brr2-Jab1 ΔC complex, 20 ± 6% of U4 snRNA was initially released (Fig. 3C , Lower Left, lanes 1-3), whereas 80 ± 6% of U4 snRNA was retained on the column (Fig. 3C , Lower Left, lanes 4-6) and 70 ± 1% of U4/U6 di-snRNA was unwound under these conditions (Fig. 3C, Lower Left, lanes 4-6) . Essentially no U4 snRNA was displaced in an ATP-dependent manner by Brr2 or the Brr2-Jab1 ΔC complex (0 ± 1% and 2 ± 2%, respectively) when we immobilized a Prp31-Snu13-U4 snRNA complex on the beads (Fig. 3D, lanes 1-3) . Similar results were again obtained using a FRET-based U4/U6 disruption assay (SI Results and Fig. S5 ). Together, these results suggest that Brr2 or Brr2-Jab1
ΔC can unwind U4/U6 di-snRNA when bound to Snu13 and Prp31 without displacement of the proteins from U4 snRNA.
Brr2-Jab1
ΔC -Mediated U4/U6 Di-snRNP Disruption Involves Displacement of Prp3. To test the effects of Brr2-Jab1 ΔC on Prp3 during U4/ U6 di-snRNP disruption, we conducted combined unwinding/ displacement experiments using a preformed Prp3-Prp31-Snu13-U4/U6 RNP as a substrate. Monitoring disruption of a complex with radiolabeled U6 snRNA revealed that Brr2-Jab1 ΔC led to liberation of free U6 snRNA (Fig. 3E, lanes  6-12) . Monitoring a complex with radiolabeled U4 snRNA showed that, concomitantly, Brr2-Jab1
ΔC elicited the release of a Prp31-Snu13-U4 snRNP (Fig. 3F, lanes 7-13) . Again, disruption of the Prp3-Prp31-Snu13-U4/U6 particle was ATPdependent (Fig. 3F, lanes 14-20) . These results indicate that during Brr2-Jab1 ΔC -mediated U4/U6 di-snRNP disruption, Prp3 is detached from U6 snRNA and does not remain associated with the Prp31-Snu13-U4 snRNA portion. 
Discussion
An Unprecedented Mode of RNP Disruption by an RNA Helicase. Using a recombinant system, we have investigated U4/U6 di-snRNP disruption by the Brr2 RNA helicase. This reaction constitutes the key event of spliceosome catalytic activation and provides a model system to study RNP disruption mechanisms by an RNA helicase using a cognate enzyme/substrate pair. Our results suggest that Brr2-mediated U4/U6 disruption takes advantage of the conformational bistability of U6 snRNA (Fig. S6) . We propose that Brr2 actively unwinds only part of U4/U6, starting at stem I, which initiates zippering of U6 snRNA into an alternative conformation. Consequently, U6 snRNA detaches from U4 and the Prp3 protein is released, although Snu13 and Prp31 remain associated with U4 snRNA (see also SI Discussion).
Our experiments probed key aspects of this model. First, results from rational RNA mutagenesis demonstrated that Brr2-mediated U4/U6 unwinding is strongly influenced by RNA variants, in which U4/U6 base-paired regions were unaltered or in which only the sequence and orientation of base pairs, but not their number or nature, were changed. Although these findings argue against an active, Brr2-mediated unwinding of the entire U4/U6 stem II, they are easily reconciled by the destabilizing effects that the mutations have on alternative U6 conformations. Second, our model of Brr2-mediated U4/U6 disruption implies that the U4 5′SL is not unwound in the process. Consistently, our results suggest that proteins Snu13 and Prp31, which bind at the U4 5′SL, remain associated with U4 during U4/U6 unwinding. Finally, our model predicts that Prp3 is detached as an isolated protein during Brr2-mediated U4/U6 disruption, as its binding site on U4/U6 is dismantled (30) , which is again borne out by our experiments. Our results also suggest that although it increases the activity of Brr2, the Jab1 ΔC cofactor does not alter the mode of Brr2-mediated U4/U6 di-snRNP disruption.
The relative stabilities of U4/U6 stem II and the U6 ISL indicate that the latter is not sufficient to explain spontaneous unwinding of stem II after Brr2-mediated disruption of stem I. Thus, a more complex U6 structure (e.g., involving the U6 telestem) could aid in conformational switching in our in vitro system (Fig. 1A) . Indeed, telestem mutations that are expected to destabilize the ISL and induce an alternative U6 structure give rise to enhanced spontaneous U4/U6 annealing (36) , and destabilization of the telestem in the human system promotes U4/U6 formation (37) . Telestem formation is prevented in yeast U4/U6 (38) , presumably by the coaxially stacked U4/U6 stems I and II intervening between its branches (22, 31, 39) . Thus, in our in vitro system, U6 conformational switching could be initiated by telestem formation upon Brr2-mediated unwinding of U4/U6 stem I. Such early formation of the telestem during U4/U6 unwinding would provide an additional explanation for the importance of the U6 3′-overhang in the process.
Although U6 Δ3′ and U6 swap mutations are expected to destabilize U6 secondary structure elements to different extents, they led to a comparable reduction of Brr2-mediated U4/U6 unwinding, and U6 G81A had a fairly large effect considering that it is expected to disrupt only a single base pair in isolated U6. These findings could again be explained by a more complex 3D structure of isolated U6 required for conformational switching and involving the mutated residues. In addition, differences in the stabilities of U4/U6 and isolated U6 structures may be small so as to allow both U4/U6 unwinding during splicing and reannealing after splicing. Even a minor disturbance of isolated U6 would then be expected to exhibit a comparatively large effect in our in vitro system. This notion is in agreement with cold-sensitive mutations and some of their cis-acting suppressor mutations that introduce or remove single Watson-Crick base pairs in U6 (40) or U4/U6 (41) and that significantly alter cellular U4/U6 levels.
Previously, it has been shown that some SF2 RNA helicases can detach intact RNPs from a hybridized RNA strand. Both the nontranslocating DEAD-box protein, DED1, from yeast, and the vaccinia virus NHP-II protein, a 3′-to-5′ processive DExH helicase (42) , were shown to displace U1 snRNP from a cRNA strand with single-stranded overhangs, which was bound to U1 snRNP by a combination of RNA-RNA and RNA-protein interactions (7). However, both of these proteins mediate U1 snRNP detachment through ATP-driven activities on the single-stranded regions contained in the cRNA (7) . Brr2, on the other hand, disrupts the U4/U6 di-snRNP by engaging and translocating on the U4 snRNA strand (20) (21) (22) , yet our results indicate that U4 snRNA is part of the RNP (Prp31-Snu13-U4 snRNA) that Brr2 liberates, a hitherto unobserved activity for an RNA helicase.
U4/U6 Disruption and Reannealing During Splicing. Cross-linking immunoprecipitation analyses in vivo uncovered cross-links of Brr2 to regions of stem I and the upper part of the U4 5′SL, with the latter likely reflecting contacts involving the leading edge of the helicase while its active site is still positioned on stem I (21) . However, these analyses failed to detect any Brr2 contacts to the lower parts of the U4 5′SL, stem II, or the U6 3′-overhang. Thus, a similar unusual U4/U6 disruption mechanism as we see in vitro likely also applies during Brr2-mediated spliceosome activation in vivo.
Partially different and additional factors will influence Brr2-mediated U4/U6 disruption in vivo. Binding of the Sm-like (LSm) proteins to the very 3′-end of U6 in the U4/U6 di-snRNP (43) (i.e., close to the U6 sequence forming the 3′-branch of the telestem in isolated U6) might modulate telestem formation (38) . Furthermore, in the activated spliceosome, U6 snRNA forms the ISL but not the telestem, because neighboring elements base-pair with U2 snRNA, forming helices Ia and Ib preceding the ISL and helix II following the ISL (44) . Unlike oligos complementary to either branch of the telestem, which favor U4/U6 formation by disrupting the telestem (37), U2 interacts with both telestem branches concomitantly, thus likely promoting the U6 ISL conformation. Furthermore, the cryo-EM structure of a poststep I spliceosome directly revealed that helix Ia/Ib and neighboring regions can engage in higher order interactions with the U6 ISL, and that this RNA interaction network rests on, and is thus likely stabilized by, a positively charged cavity of the Prp8 protein (19) . Thus, U6/U2 interactions in the context of Prp8 might promote U4/U6 unwinding by supporting U6 conformational switching in vivo. This notion is supported by a U4 allele, which leads to cold-sensitive growth due to hyperstabilization of U4/U6, whose effects are suppressed by changes to several Prp8 residues (45, 46) . The only two Prp8 suppressor variants in which residues are affected that directly contact U6 or U2 in the available spliceosome structure are Prp8 K611R and Prp8 D1094A/N/V (19) , which may act via increased affinity to U6/U2 (stronger or more direct contacts by Prp8 K611R , removal of a negative charge in Prp8 D1094A/N/V ). Following each round of splicing, U4/U6 di-snRNP has to be regenerated, which, in yeast, requires the Prp24 protein (47) . Prp24 may have a second function in disrupting U6/U2 interactions after splicing (48, 49) . During U4/U6 annealing, three RNA recognition motifs of Prp24 interlock with the U6 ISL, asymmetrical bulge, and telestem (48) , giving rise to an electropositive groove, which could mediate U4/U6 stem I annealing (36, 48) . Subsequent formation of U4/U6 stem II might then lead to displacement of Prp24 and complete U4/U6 assembly (49) . Coldsensitive mutations in U6 or U4, which hyperstabilize the U6 ISL or weaken U4/U6 stem II, respectively, cause reduced levels of U4/U6 di-snRNA, and numerous suppressor mutations have been identified (40, 41) . Several cis-and trans-acting suppressors map to Prp24-U6 contacts and function by destabilizing Prp24-U6 interactions and promoting U6/U2 interactions (48, 49) . These findings suggest that apart from normally being required to deliver U6 to the spliceosome, release of U6 from Prp24 is another important function of the U4/U6 interaction (49) .
Together with our results, the above observations reveal interesting similarities between the RNP remodeling factors Brr2 and Prp24. Both seem to initiate only the remodeling of their respective substrates. The remodeling events are then driven to completion by conformational switches in the participating RNAs (i.e., snapping of U6 into the ISL structure in the case of Brr2 and formation of U4/U6 stem II in the case of Prp24). Unlike Prp24, Brr2 requires ATP hydrolysis to initiate its reaction, indicating that the U4/U6 state is more stable than the isolated U6 state. Both Prp24-and Brr2-mediated reactions are also modulated by additional factors. Brr2-mediated U4/U6 disruption is influenced by U4/U6-bound proteins, and U6 conformational switching during U4/U6 unwinding may be aided by emerging U6/U2 interactions on Prp8; Prp24-mediated U4/U6 annealing is enhanced by the LSm proteins (36, (50) (51) (52) (53) and possibly Prp3 (30) .
The major RNP remodeling events during splicing offer many possibilities for regulation [e.g., during alternative splicing (54) ], but they also burden the cell with the requirement to reassemble spliceosomal subunits after each round of splicing. Although de novo assembly of snRNPs in vivo is supported by the SMN and PRMT5 complexes (55, 56) and the NUFIP/R2TP system (57), it is not clear to what extent these machineries also mediate snRNP reassembly after splicing. The mode of U4/U6 di-snRNP disruption by Brr2 suggested here efficiently supports the build-up of the spliceosome's active site. At the same time, it is economical because it leaves the U4 snRNP intact, possibly circumventing U4 snRNP reassembly via the above machineries and thus minimizing the logistic demands for U4/U6 di-snRNP reassembly after each splicing reaction.
Materials and Methods
Recombinant Snu13, Prp31, Prp3, and Jab1
ΔC were produced in Escherichia coli, and Brr2 was produced via a recombinant baculovirus in insect cell culture. Proteins were purified by affinity, ion exchange, and size exclusion chromatography. RNAs were produced by in vitro transcription using T7 RNA polymerase or chemically synthesized. RNA binding, unwinding, and RNP disruption were analyzed with 5′-[ 32 P]-labeled RNAs by nondenaturing PAGE or by stopped-flow/ fluorescence assays. Unwinding by Brr2 was initiated by addition of ATP and terminated at various time points with stop buffer containing EDTA and SDS. The stop buffer used in EMSA and protein displacement assays did not contain SDS to maintain protein-RNA interactions. Detailed materials and methods can be found in SI Materials and Methods.
